The main difficulty with the characterization of thin coatings using depth-sensing indentation tests is related to the determination of the contributions of the substrate and the film to the measured properties. In this study, three-dimensional numerical simulations of the Vickers hardness test are used in order to examine the influence of the elastic and plastic properties of the substrate and the film on the composite's Young's modulus results. The hardness of the film is equal to or higher than the substrate hardness. A study of the stress distributions and the indentation geometry of composites, film/ substrate, was performed, taking into account the relative mechanical properties of the film and substrate. In addition, stress evolution during indentation was studied, in order to quantify the critical indentation depth under which the substrate is not elastically deformed. The accurate evaluation of the Young's modulus of the films using weight functions is also examined: some of these have previously been proposed and one was introduced for this study. Two different fitting procedures were used to compare the results obtained from eight fictive film/substrate combinations using six weight functions. The first procedure, commonly used, considers the substrate's modulus as a known parameter in the fitting process. In the second, the film and the substrate's modulus are considered as unknown variables that are calculated simultaneously during the fitting process. The validity of the conclusions obtained using the fictive materials was checked by applying the weight functions to four real composites.
Introduction
One of the most important mechanical properties in surface characterization is the Young's modulus. The principal advantage in the use of the depth-sensitive indentation technique for the Young's modulus evaluation 0020-7683/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016 All rights reserved. doi:10. /j.ijsolstr.2007 is that it has no special requirements for the sample size and geometry. However, in hardness tests on thin films, as the indentation depth increases, not only does the film deform but the substrate also often presents elastic and plastic deformation. In this way, the mechanical property evaluation of the composite is a complex function of the film and substrate's mechanical properties, which depends on the maximum applied load (e.g., Fabes et al., 1992; Page and Hainsworth, 1993; Chechenin et al., 1995; Tsui et al., 1999a,b; Saha and Nix, 2002) . The obvious solution for the correct mechanical property evaluation of thin films requires the use of low loads, in order to obtain only the film's contribution. In order to measure the Young's modulus of the film a commonly used rule is to limit the maximum indentation depth to less than 10% of the film's thickness . However, this procedure cannot be applied to very thin films, for which very low indention depths are needed. In this case, strong scatter in the data of hardness tests can appear, due to the roughness of the sample surface, for example.
In this context, alternative methods for the Young's modulus evaluation of thin films that consider the substrate's contribution must be developed and improved, i.e. complete knowledge of the substrate's effects on the results of the mechanical properties of the films is needed. Several previous experimental and theoretical studies have been done to analyse the problem of extracting the Young's modulus of thin films considering substrate influence (Burnett and Rickerby, 1987; Joslin and Oliver, 1990; Menčík et al., 1997; Korsunsky et al., 1998; Tsui and Pharr, 1999) . Also, numerical simulation has been used as an auxiliary tool to acquire better understanding of the indentation process (King, 1987; Bhattacharya and Nix, 1988; Sun et al., 1995; Chen and Vlassak, 2001; Antunes et al., 2004) .
In this study, the authors make use of the finite element method to simulate the Vickers indentation tests of the film/substrate of different systems. Results of 3D-numerical simulations of different composites were used to study stress distributions. The problem of evaluating the film's Young's modulus is analysed using six different weight functions applied to several fictitious and real composite materials, with the purpose of improving the methodology and approaches to Young's modulus evaluation of thin films.
Theoretical analysis
Using depth-sensing indentation tests, the Young's modulus is determined from (e.g., Sneddon, 1965; Oliver and Pharr, 1992) :
where b is a correction factor that considers the indenter geometry. A is the contact area of the indentation at maximum load and C is the compliance. E SI is the ''specimen + indenter'' modulus. The specimen's elastic modulus E, that depends on the film and substrate's elastic modulus (E f and E s , respectively) is determined using the definition:
As consequence, for the maximum indentation depths normally used in experimental tests, the evaluated Young's modulus depends on the substrate's presence.
Weight functions have been used for the evaluation of reduced Young's moduli of thin coatings, E a b Doerner and Nix (Eqs. (6) and (7)). indentation depths, becomes a more difficult task. In this case an optimization procedure is used for the determination of the optimum combination of a 3 , E The numerical simulations of the hardness test were performed using the HAFILM home code, which was developed to simulate this type of test. This code simulates hardness tests with any type of indenter geometry, and takes into account the friction between the indenter and the deformable body. It considers the hardness test to be a quasi-static process that produces large deformations and makes use of a fully implicit algorithm of Newton-Raphson type to solve in a single iteration loop both non-linearities: the evolution in deformation and the contact between the indenter and the deformable body (Menezes and Teodosiu, 2000; Antunes et al., 2006) .
The Vickers indenter used in the numerical simulations considers the most common defect of the tip, usually designated as offset. The tip of the indenter presents a rectangular shape with an area of 0.0288 lm 2 (Antunes et al., 2002 (Antunes et al., , 2006 . The indenter geometry is described by Bézier surfaces, which allow a fine description of the tip.
For the description of the test sample, that corresponds to a cylinder with a radius and height of 40 lm, the HAFILM code makes use of a finite element mesh composed of three-linear eight-node isoparametric hexahedrons associated with a selective reduced integration technique (Menezes and Teodosiu, 2000) . In this study, the finite element mesh was composed of 7992 elements. The coating thickness is 0.5 lm and is composed of nine layers of elements. In addition, to test the influence of the film's thickness on the Young's modulus results another finite element mesh was considered with a coating of 0.165 lm (3 layers of elements in the coating). In the meshes, the size of the finite elements in the indentation region is about 0.055 lm. This mesh refinement was chosen in order to guarantee a high degree of accuracy in the indentation contact area (Antunes et al., 2006 (Antunes et al., , 2007 . Fig. 2 presents a detail of the indentation region of the finite element mesh (coating thickness of 0.5 lm) at the beginning of the simulation. Due to the symmetry in the planes X = 0 and Z = 0 (Fig. 2) , only a fourth of the sample was used in the numerical simulations. The friction between the indenter and the sample was considered to be a coefficient equal to 0.16 (Antunes et al., 2006 (Antunes et al., , 2007 .
Three-dimensional numerical simulations of the Vickers hardness test were performed on 10 fictitious composites, with a film thickness of 0.5 lm, using different maximum indentation depths (h max = 0. 05, 0.06, 0.1, 0.15, 0.25, 0.35, 0.45, 0.55 and 0.65 lm) . In two particular cases, a film thickness equal to 0.165 lm was also considered in the numerical simulations, for the maximum indentations depths of 0.03, 0.08, 0.16 and 0.21 lm.
The composite Young's modulus, E, was evaluated with Eq. (1); where the correction factor, b, was considered equal to 1.05 for the Vickers indenter (Antunes et al., 2006 (Antunes et al., , 2007 . The compliance, C, was evaluated from the slope of the upper portion of the unloading curve, using the equation (70% of unloading curve was fitted) (Antunes et al., 2006) :
where P 0 is the lower load considered in the fit of the unloading curve, corresponding to indentation depth h 0 ; T and q are the fitted constants. The load-unloading curves were corrected with the area function of the Vickers indenter. For the evaluation of the indentation contact area, A, the calculations used the contour of the nodes in the finite element mesh in contact with the indenter at the maximum load (Antunes et al., 2006) . The values of the Young's modulus of the materials studied are between 100 and 600 GPa, for the film, and between 100 and 400 GPa, for the substrate. Six cases of the ratio E f /E s were studied: E f /E s = 0.25, 0.5, 1, 2, 3 and 4. For the case of E f /E s = 3, two possibilities were considered: E f /E s = 300/100 and 600/200. A Poisson ratio of 0.3 was used for all the materials (films and substrates). Two values of the ratio between the yield stress of the film and substrate, r f /r s (1 and 2), were also tested.
The plastic behaviour of the materials used in the numerical simulations was modulated considering that the relationship between the stress, r, and plastic strain, e, of the film and the substrate are described by the Swift law: r ¼ kðe þ e 0 Þ n , where k, e 0 and n are material constants (the material yield stress is: r y ¼ ke n 0 ). Table 1 summarizes the mechanical properties of the composites used in the numerical simulations. The development of stress in the indentation region was studied to acquire a better understanding of the influence of the substrate and the film on the determined mechanical properties of the composite. In fact, there are important aspects related to the development of stress under indentation during hardness testing. For instance, it is important to know the critical indentation depth, under which the substrate is not elastically deformed and then does not have any influence on the measured mechanical proprieties. The accuracy of the contact area values and, consequently, of the Young's modulus, depends on the geometry of the indentation. In the case of soft bulk materials, for example, the presence of strong pile-up on the indentation surface promotes the underestimation of the contact area, and the Young's modulus is overvalued, mainly for materials in which h f /h max approaches 1. As discussed below, the indentation geometry obtained for the composites depends not only on the relationship between the mechanical properties of the film and the substrate but also on the maximum indentation depth.
In order to clarify the influence of the ratio E f /E s and of the maximum indentation depth on the composites' behaviour, the study of the equivalent stress distribution of the composites with E f > E s and E f < E s was performed for the group of composites with r f /r s = 1. Figs. 3 and 4 present the von Mises equivalent stress dis- tribution at the maximum relative indentation depths, h max /t, 0.1 and 0.5, respectively for composites C1 and C10 (E f /E s equal to 4 and 0.25, respectively). The equivalent stress distributions obtained with the C1 (Fig. 3) and C10 (Fig. 4) composites show a region with high values under the indentation region, that increase as maximum indentation depth increases. The size of the elastically deformed region (equivalent stress higher than zero) at the surface relative to the size of the same region at the interface substrate/film is higher than 1, for the case of composite C1 (E f /E s = 4), and lower than 1, for composite C10 (E f /E s = 0.25). This suggests that the relative contribution of the film to the composite's behaviour must be higher in the case of composite C1, than that observed for composite C10. For composite C1, the depth of the elastically deformed region, measured from the surface of the sample, increases from 3.3 to 7.2 lm, as the maximum indentation depth increases from 0.1 to 0.5 lm (Fig. 3) . On the other hand, composite C10 (E f /E s = 0.25) initially exhibits a larger influence of the substrate (Fig. 4) . For a maximum relative indentation depth, h max /t, of 0.1, the depth of the elastically deformed region of composite C10 is lower (1.8 lm) than the one obtained for composite C1 (Fig. 4) . However, as the maximum indentation depth increases the extension of the region with equivalent stress higher than zero becomes identical to the one obtained for composite C1 (7.5 lm).
A study was performed to evaluate the limit of the penetration depth for which the substrate starts to deform elastically. The results have shown that when the penetration depth is greater than 0.001 lm, the substrate region shows an equivalent stress level higher than zero. This means that the substrate deforms elastically from the beginning of the indentation test. This is probably associated with the size of the offset of the indenter, which has an area of 0.0288 lm 2 , close to that experimentally observed in Vickers indenters. To confirm this hypothesis, new simulations were performed with an almost perfect indenter which had an offset area equal to 0.0032 lm 2 . The results of these simulations for composites C1 and C10 are shown in Fig. 5 . It is clear from the results that, even for this indenter, the indentation depths for which the elastic deformation starts in the substrate are not significant: 0.005 lm for composite C1, and 0.006 lm for composite C10. Consequently, it can be concluded that even for a relatively high thickness of film (0.5 lm) signs of the elastic deformation in the substrate appear so early that, in typical indentation tests, the measured Young's modulus results are not only those of the film.
In order to understand the influence of the substrate on the determination of the Young's modulus of the film, a study was undertaken concerning the ''error'' made in the determination of the film's Young's modulus when this is considered equal to the composite Young's modulus, obtained at a given relative penetration depth (h/t). Therefore, the ''error'' is equal to (E f À E)/E f , where E f and E are the Young's moduli of film and composite, respectively. Fig. 6 shows the (E f À E)/E f results versus the E f /E s ratio, for a relative penetration depth (h/t) of 5% (set of composites for which r f /r s is equal to 1). The (E f À E)/E f increases when the E f / E s ratio moves away from 1. Moreover, for the composites with E f /E s ratios of 0.25 and 0.5, the (E f À E)/E f values are close to À15.2% and À6.5%; for the remaining composites, this value is of about 12.5%, 16.7% and 21.3% for E f /E s ratios of 2, 3 and 4, respectively. These results show that when making use of a low relative penetration depth to determine the Young's modulus without using a weight function, relatively high errors can occur, depending on the ratio E f /E s . This fact suggests that the use of higher penetration depths associated with an accurate model (weight function) may be a better way of obtaining accurate results of the film's Young's modulus than the use of a single measurement at low indentation depths.
The stress distributions of (r xx and r yy , according to the axes shown in Fig. 2 ) and the corresponding indentation geometry, were also evaluated to complement the analysis of the composites' behaviour. The results presented in Fig. 7 correspond to these stress components' distribution for composites C4 and C5, obtained at the surface of the indentation, at a maximum indentation depth of 0.15 lm. The indentation profiles obtained at this indentation depth are also shown. The stress distributions presented in Fig. 7 (a) and (c) show that the regions with compressive stresses correspond to the region in contact with the indenter (the vertical dashed line in Fig. 7 (a) and (c) represents the contact boundary). The stress distributions obtained for the remaining composites are similar to those shown in Fig. 7 . The evolution of indentation geometry (from sink-in to pile-up) is different when the r f /r s ratios have a value of 1 or 2, as exemplified in Fig. 7 (b) and (d), for E f /E s = 2. The evolution of indentation surface geometry with maximum indentation depth was also analysed considering the position (height) of the higher contact point, Dh, in relation to the initial surface plane of the sample. The contact points correspond to the nodes of the finite element mesh in contact with the indenter surface. Fig. 8 presents the definition of the height of the contact point, Dh, considering the two indentation surface geometries, pile-up (Dh > 0) and sink-in (Dh < 0), respectively. Fig. 9 shows the results of the height of the contact point, Dh, as a function of the maximum indentation depth, for the composites that the ratio r f /r s is 1 and the Young's modulus ratios E f /E s are 4 (composite C1), 3 (C2), 2 (C3), 2 (C5), 0.5 (C9) and 0.25 (C10). The continuous lines represent the evolution of the contact point height, Dh, in the case where the films and the substrates are tested as bulk materials. The above evolutions were considered linear taking into account those Fig. 8 . Height of the limit contact point, Dh, in relation to the initial surface. Fig. 9 . Evolution of the height of the limit contact point, Dh, versus the maximum indentation depth for the composites with ratio r f /r s equal to 1. observed in previous studies about the indentation of different bulk materials (see e.g., Antunes et al., 2007) . Fig. 9 shows that the evolution of the indentation profiles with the indentation depth obtained for the composites C1 and C2 are close to the ones where the bulk material is similar to the substrate. On the other hand, composites C3 and C5 exhibit pile-up formation at low indentation depths (as bulk materials with mechanical properties equal to the films of the composites C3 and C5). However, as indentation depth increases, the surface profile approaches that of the bulk material similar to the substrate (low sink-in). In the case of composites C9 and C10 (for which sink-in is observed when the films are tested as bulk materials), initially the indentation profiles exhibit sink-in that decreases with the increase of the indentation depth. Moreover, in the case of composite C10, material pile-up formation appears for values of the indentation depth close to the film thickness (the bulk material similar to the substrate shows pile-up). In conclusion, for the composites with ratio r f /r s equal to 1, the indentation surface geometry evolves with indentation depth from the typical behaviour of the film to the typical behaviour of the substrate.
A similar study was also performed for the composites where the r f /r s ratio is 2 and E f /E s is 2, 1 and 0.5 (composites C4, C6 and C8, respectively). The results are shown in Fig. 10 . For these composites the indentation profiles always exhibit sink-in, in contrast to similar composites where the r f /r s ratio is 1 (composites C5, C7 and C9, respectively). The results of composites C5, C7 and C9 are also shown in Fig. 10 , for comparison. In conclusion, the composite's indentation geometry depends on the indentation depth: in other words the evolution of Dh versus h max is non-linear; the opposite of that observed for bulk materials.
Previous studies of bulk materials have shown that accurate evaluation of the indentation contact area depends on the presence of pile-up or sink-in (see e.g., Bolshakov et al., 1997; Antunes et al., 2006) . This indentation geometry appear for low values of the ratio (H/E) between the hardness, H, and the Young's modulus, E, (equivalent to values of the ratio between the residual and maximum indentation depth, h f /h max , close to 1) in the case of materials with low work-hardening (Bolshakov et al., 1997; Antunes et al., 2006) . In this case, the indentation contact area is underestimated and consequently the Young's modulus is overestimated. In the current study, where the work-hardening value n = 0.01 was used, the values of h f /h max for which pileup occurs are higher than 0.86, in case of bulk materials. This result had already been obtained in a detailed Fig. 10 . Evolution of the height of the limit contact point, Dh, versus the maximum indentation depth for the composites with ratio r f /r s equal to 2 and 1, and ratio E f /E s equal to 2, 1 and 0.5. study using the current finite element code and simulation conditions (Antunes et al., 2006) . Qualitatively similar results (h f /h max close to 0.82, for n = 0) were obtained by Bolshakov et al. (1997) , for a conical indenter without friction between the sample and the indenter in a 2D finite element simulation.
Young's modulus of the film
In this section, we will analyse the evolution of the Young's modulus of the composite, E (and 1/E) versus the normalized penetration depth h/t (and t/h), in order to check the performance of the models described above, to accurately determine the film's Young's modulus. In addition, a new model based on the Gao et al. (1992) function is proposed and compared to the previous models. In the first stage, the numerical results of the fictitious composites are used. Afterwards, the experimental results obtained from four real composites are considered. Fig. 11 shows the results of the Young's modulus obtained by numerical simulations of the composites C6 and C7 (Table 1) , at different maximum indentation depths. These composites have the same value of Young's modulus for the film and for the substrate (E f /E s equal to 1) and two different ratios between the yield stresses of the film and the substrate (composite C6: r f /r s equal to 2; composite C7: r f /r s equal to 1). Fig. 11 shows that the composite Young's modulus results are accurately determined for both composites. This fact indicates that the use of correction factor b (equal to 1.05 in Eq. (1)), previously proposed for bulk materials (Antunes et al., 2006) , remains appropriate for the composites. Moreover, the procedure used for the compliance and the contact area evaluation is also suitable.
Fictitious composites
The results concerning the composites with values of ratio E f /E s different from 1 are shown in Figs. 12 and 13 (Figs. (a) and (b), E f /E s is higher than 1 and in Figs. (c) and (d) E f /E s is lower than 1). In these figures, the values of E and 1/E are represented as a function of h/t and t/h, in agreement with formulations of Eqs. (4)-(7). Most of the results were obtained with a film thickness of 0.5 lm. However, for the cases of composites C1 and C10, results were obtained for a thickness value of 0.165 lm, allowing to conclude that the composite Young's modulus results are independent of the film's thickness, when represented as function of h/t (or t/ h). The results of this study illustrate how the Young's modulus of the composite depends on the indentation depth. Moreover, it seems from the figures that the composite Young's modulus approach faster the film or the substrate Young's modulus (E ! E f , when h ! 0 and E ! E s , when h ! 1) in some cases of representa- Fig. 11 . Evolution of the Young's modulus versus the ratio h/t obtained for the composites with E f = E s . tion than in other cases, within the range of the values of h/t (or t/h) here studied. For example, compare Fig. 11(a) and (c), when h/t ! 0 and Fig. 13(a) and (c), when t/h ! 0.
In order to realize which type of exponential function for the evaluation of the Young's modulus of the film gives better results, Eqs. (4)-(7) were applied to composites C1, C2, C3, C4, C5, C8, C9 and C10, using two different approaches, in the fitting of the experimental results. The first one is the commonly used fitting procedure that takes into account the substrate's Young's modulus value as a known parameter previously determined (Menčík et al., 1997) , as above described (Section 2). In the second, the values of the Young's modulus, for the substrate and the film, are both unknown and are simultaneously determined by the fitting, as described below. Table 2 present the results obtained for the Young's moduli of the thin films with the four exponential weight functions (Eqs. (4)- (7)), taking in the fitting procedure the value of the substrate's Young's modulus as a known parameter. The results in Table 2 show that, in general, the determined values are highly inaccurate.
The Young's modulus can also be determined by fitting the same four exponential weight equations, but assuming both the Young's modulus of the substrate and the film as unknown. The fitting of the experimental data was done with the commercial software CurveExpert Ò , considering a generic function in the form: where y is E for the exponential functions (Eqs. (4) and (7)), or 1/E for the reciprocal of the exponential function and the Doerner and Nix function (Eqs. (5) and (6), respectively). x represents the ratio h/t in the case of the exponential and the reciprocal of the exponential functions (Eqs. (4) and (5)), or t/h for the Doerner and Nix functions (Eq. (6) and (7)). The constants a, b and c are obtained with the fitting procedure. Eq. (10) can be fitted to the results of the composite, using the sign (À), for: (i) E f < E s , in the case of the exponential and Doerner and Nix functions (Eqs. (4) and (6), respectively), and (ii) E f > E s in the case of the reciprocal exponential function (Eqs. (4) and (7)). In the other cases, Eq. (11) is used with the sign (+). The meanings of the constants of Eq. (11) are: (i) for the exponential and Doerner and Nix, a is equal to (
(ii) for the reciprocal of exponential and Eq. (7) a is equal to (1/E s À 1/E f ) if E f > E s or (1/E f À 1/E s ) if E f < E s ; (iii) the value ab is equal to E s , E f , 1/E s and 1/E f for the functions: exponential, Doerner and Nix, reciprocal of exponential and Eq. (7), respectively. Table 3 shows the results obtained for the eight composites, where E f /E s is not equal to 1, considering the procedure described concerning the use of Eq. (11), i.e. both Young's moduli, of the substrate and the film, are determinate from the fitting. A first comment, from the comparison of the results presented in Tables 2 and 3 is that a better approach for the film's modulus is obtained, independently of the function used, when the substrate modulus is not fixed. This suggests that the use, in the fitting procedure, of a predetermined value for the substrate modulus have significant influence in the accuracy obtained for Young's modulus of the film. It seems that the error in the value of the composite Young's modulus is disseminated into Young's moduli of the film and the substrate, when the substrate value is not fixed. The analysis of the results in Table 3 enables us to conclude that, for the case of the composites with E f > E s the most adequate method to determine the film's modulus seems to be the reciprocal of the exponential function (mean error of 6.1%); the error of the exponential function is higher (mean error of 15.4%), but better than the two others. For the composites with E f < E s , the best results are obtained with the exponential function (mean error of 3.8%), although the reciprocal of the exponential function also gives satisfactory results for the Young's modulus of the film (mean error of 8.3%). For the evaluation of the substrate's modulus, the Doerner and Nix and Eq. (7) functions appear appropriate, independently of the value of the ratio E f /E s (mean errors less than 6.8%). This means that the Young's modulus of the film is most satisfactorily evaluated by functions whose value is obtained by extrapolation to zero (E and 1/E versus h/t -see Figs. 1(a) and 12) . Similarly, the Young's modulus of the substrate is most unsatisfactorily evaluated when its value is obtained by extrapolation to zero (E and 1/E versus t/h -see Figs. 1(b) and 13) .
In order to test the Gao et al. (1992) function for the evaluation of the film Young's modulus Eq. (8) was applied to the composites C1, C2, C3, C4, C5, C8, C9 and C10, using the two different approaches for fitting the experimental results, as used before for the exponential functions. In the case where the substrate's Young's modulus is an unknown parameter the procedure uses the linear fit of the composite's Young's modulus E * as a function of the result of Eq. (9), for different values of x (= a/t). In this case, the substrate's Young's modulus corresponds to the independent constant obtained in the linear fit: y = A + Bx, where y = E * and B ¼ E Table  4 shows the results obtained for the thin films' Young's moduli with the Gao function (Eqs. (8) and (9)), using in the fitting procedure, the value of the substrate's Young's modulus as a known and unknown parameter. The results in Table 4 show that the results for the Young's modulus evaluation using the Gao function are not accurate enough, for both cases.
The above results concerning the use of exponential functions suggest that the type of fitting, E or 1/E as a function of h/t, can be important on the evaluation of the film's Young's modulus. For this reason, we have carried out the fitting of the following equation, deduced from the Gao function, changing
and 1=E
Ã s , respectively (identified as reciprocal of the Gao function): The reference value indicate in the table is equal to input value used in the numerical simulation.
In this equation, the meaning of the parameters is the same as in Eqs. (8) and (9). Also, a similar procedure to determine the Young's modulus of the film was used in the fitting of results. Fig. 15 shows the evolution of the reverse of the composite Young's modulus with the result of Gao's weight function (Eq. (9)). The comparison of Figs. 14 and 15 show that the linear behaviour is slightly better approached in the case that the reverse of the Young's modulus is used (the average of the R-squared value is 0.97 and 0.99 in Figs. 14 and 15, respec- 
tively) The results presented in Table 5 show that Eq. (12) gives more accurate results for the Young's modulus of the film than Gao's function, independently of the procedure used (substrate, Young's modulus, known and unknown). Moreover, the most accurate results for the Young's modulus of the film are obtained using the The reference value indicate in the table is equal to input value used in the numerical simulation. a b Fig. 15 . Evolution of the reverse of the composite Young's modulus versus the Gao's weight function, U.
procedure that simultaneously evaluates both Young's moduli (film and substrate). In this case, the results of the Young's modulus of the film are quite suitable for all composites independently of the ratio E f /E s (mean error equal to 5.4%, for the case of E f > E s , and equal to 1.9%, for the case of E f < E s ). In addition, the substrate's Young's modulus is quite accurately determined (mean error equal to 5.3%, in the case where E f > E s , and equal to 3.6%, in the case where E f < E s ).
In conclusion, in order to obtain accurate results for the value of the film's Young's modulus, Eqs. (4), (5) and (12) can be used for E f < E s , E f > E s and both cases (E f < E s and E f > E s ), respectively. Moreover, the fitting of these equations to the results must be carried out taking the substrate's Young's modulus as an unknown parameter; for the cases of Eqs. (4) and (5), this can be done using Eq. (11) and the commercial software CurveExpert Ò . For the cases of the composites with E f > E s , the Young's modulus of the film results show a mean error of 6.7%, when obtained with the reciprocal of the Gao function (Eq. (12)), and a mean error of 6.1%, for the case of the reciprocal of the exponential function (Eq. (5)). For the composites with E f < E s , the reciprocal of the Gao (Eq. (12) ) and the exponential functions also give the most suitable results for the Young's modulus of the film (mean errors of 2.1 and 3.8%, respectively). The fact that the reciprocal of the Gao function gives accurate results for the Young's moduli of film and substrate, independently of the type of composites studied (E f < E s and E f > E s ), traduces an important advantage relative to the exponential functions (Eqs. (4) and (5)), for which the accuracy depends on the ratio E f /E s (see Table 3 ).
Real composites
The above discussed weight functions were also applied to the experimental data of four real composite materials, in order to validate the conclusions obtained for the fictive materials with regard to the The reference value indicate in the table is equal to input value used in the numerical simulation.
evaluation of the films' Young's modulus. The experimental data is obtained from Menčík et al. (1997) and Saha and Nix (2002) . From the study of Menčík et al. (1997) , two composites that combined a TbFe + Fe film with two substrates, silicon and glass, were studied. This produces composites with E f < E s and E f > E s (E f /E s = 0.75 and 2.00, respectively). The remaining two composites are tungsten films on silicon and glass substrates, obtained from Saha and Nix (2002) . The E f /E s ratios of these composites are 2.30 and 5.71, respectively. Table 6 summarizes the elastic constants of the film and substrate materials. Fig. 16 shows the evolution of the composite's Young's modulus value, E, versus the relative indentation depth, h/t (up to h/t = 1), for the four composites. For the Young's modulus evaluation, the composite results in the range h/t 0.2 to 0.6 were used, as shown in Fig. 16 . The choice of this range is based on the fact that for low penetration depths the indentation results can present relatively low accuracy. Besides, the maximum value of the ratio h/t must be also limited: in the case of hard films, cracking or delamination can occurs; and soft films tends to pile-up around the indenter. For both cases incorrect composite Young's modulus values can be obtained (Menčík et al., 1997) . Table 7 show the results for the Young's modulus of the film obtained with the six weight functions using the fitting procedure that considers the substrate's Young's modulus as an unknown, giving the best results for all the weight functions. From Table 7 , it can be concluded that the most accurate values of the Young's modulus were obtained with the reciprocal of the Gao function. In the case of the Tungsten/Glass composite, the evaluation of the Young's modulus of the film becomes significantly inaccurate for all weight functions (except the reciprocal Gao function), which may be associated with experimental inaccuracy or lack of performance of the models, probably as consequence of the high value of the ratio E f /E s (5.71). In conclusion, the results obtained Experimental data by Menčík et al. (1997) and Saha and Nix (2002) . with the proposed reciprocal of the Gao function are, in all cases, clearly more accurate than with the others, confirming the results obtained with the fictive materials.
Conclusions
Three-dimensional numerical simulation of Vickers indentation tests were performed in order to acquire a better understanding of the mechanical behaviour of coated materials during indention. Several numerical simulations of fictitious composites with different mechanical properties of the film and the substrate were carried out, being the hardness of the film equal or higher than the substrate hardness.
The main conclusions of this study can be reported as follows:
-As previously proposed for bulk materials, the results of the composite Young's modulus obtained in the numerical simulations, for composites with the same Young's modulus, but different yield stresses for the film and the substrate, indicate that the use of a geometrical correction factor b equal to 1.05 for the Vickers indenter (Eq. (1)) enables accurate results. -The numerical simulation results of the Vickers indentation of composites with different values of the ratio between Young's moduli of the film and substrate, gives important information about the indentation surface geometry (sink-in and pile-up formation). For the composites with ratio r f /r s equal to 1, the indentation surface geometry seems to evolve with the indentation depth from that typical of the film to that typical of the substrate, depending on the ratio between the hardness and the Young's modulus. When the ratio r f /r s is equal to 2, sink-in appears independently of the elastic properties of the film and of the substrate. -Even for a relatively thick film (0.5 lm), the onset of elastic deformation in the substrate occurs prematurely, at a penetration depth of about 1% (or much less) of the thickness, depending on the size of the indenter offset. Moreover, at a penetration depth of about 5% of the thickness, the results obtained in numerical simulation of composites with different values of the E f /E s ratio indicate that significant ''errors'' can occur in the determination of the film's Young's modulus when it is considered equal to the composite Young's modulus. So, in every case, a model (weight function) must be used to evaluate the Young's modulus of thin coatings. -The fitting of the numerical results for eight film/substrate combinations using six weight functions was performed using two different procedures. The first one, commonly used, considers the substrate's Young's modulus as a known parameter that goes into the fitting. However, for better accuracy, the fitting of these equations to the results must be carried out taking the substrate's Young's modulus as an unknown parameter. For the cases of the composites where E f > E s , the best results for the Young's modulus of the film were obtained using the reciprocal of the Gao and the reciprocal of exponential functions. For the composites where E f < E s , the reciprocal of the Gao and the exponential functions also give the most suitable results for the film's Young's modulus. These conclusions are essentially valid for both cases studied; real and fictive materials. 
